ABSTRACT Attack rates, progeny production, sex ratios, and host use efÞciency of Muscidufurax raptor Girualt and Sanders, Spalangia cameroni Perkins, S. endius (Walker), S. nigroaenea Curtis, S. gemina Boucek (Hymenoptera: Pteromalidae), and Dirhinus himalayanus (Hymenoptera: Chalcididae) were evaluated in laboratory bioassays with Þve dipteran hosts: house ßy (Musca domestica L.), stable ßy (Stomoxys calcitrans L.), horn ßy (Hematobia irritans L.), black dump ßy [Hydrotaea aenescens (Weidemann)] (Diptera: Muscidae), and a ßesh ßy (Sarcophaga bullata Parker) (Diptera: Sarcophagidae). M. raptor, S.cameroni, and S. endius readily attacked and produced progeny on all Þve host species, with substantially lower production from S. bullata than from the muscid hosts. Rates of host attacks by S. nigroaenea and S. gemina were similar on house ßy, stable ßy, and black dump ßy hosts, with lower rates on horn ßy; almost no progeny were produced by S. nigroaenea on S. bullata hosts. D. himalayanus, a large-bodied chalcidid parasitoid, had highest rates of host attacks and progeny production on S. bullata and H. aenescens, followed by stable ßy and house ßy hosts; very few progeny were produced by this species on horn ßy hosts. Overall differences among different geographic strains of parasitoids (from Russia, Kazkhstan, and Florida) were generally small, although the Florida strain of M. raptor was superior to the two Eurasian strains.
PUPAL PARASITOIDS ARE AMONG the most important and common natural enemies of Þlth ßies associated with animals and humans (Rutz and Patterson 1990) . Augmentative releases of parasitoids can increase parasitism levels in the Þeld, sometimes to an extent sufÞcient to provide satisfactory suppression of ßy populations (Morgan and Patterson 1990 , Geden et al. 1992a , Petersen and Cawthra 1995 , Crespo et al. 1998 , 2002 , Skovgard and Nachman 2004 . In other instances, parasitoid releases have had little impact on ßy populations or parasitism levels (Meyer et al. 1990 , Andress and Campbell 1994 , Weinzierl and Jones 1998 , McKay and Galloway 1999 , Kaufman et al. 2001 . Although the factors that determine success of augmentative releases are unclear and may be site-speciÞc, failures may have been caused by sensitivity of parasitoids to pesticides, unfavorable manure conditions, disease problems in parasitoid cultures, and an imperfect understanding of how to match candidate parasitoid species with target pests and breeding conditions (Rutz and Axtell 1981 , Petersen et al. 1983 , Morgan and Patterson 1990 , Geden et al. 1992b .
A better understanding of niche characteristics of parasitoid species could assist in the process of matching parasitoid species with release sites. Different parasitoid species have been evaluated in recent years with regard to temperature-dependent attack rates, development time, manure moisture preferences, and the effect of habitat type and depth on foraging behavior (Geden 1996 (Geden , 1997 (Geden , 1999 (Geden , 2002 . Host range is another niche characteristic that may vary among species of ßy parasitoids. Most of the available literature on muscoid ßy parasitoids has involved trials with house ßies (Musca domestica L.) and stable ßies (Stomoxys calcitrans L.). By comparison, information on parasitism of other species such as the horn ßy (Hematobia irritans L.) is limited and mostly deals with Þeld surveys of ßies in various locations (McKenzie and Richerson 1993 , Mendes and Linhares 1999 , Sereno 2000 , Marchiori et al. 2000 , 2002 .
In 1999, one of us (R.D.M.) collected ßy parasitoids from cattle farms in Russia and Kazakhstan. From these collections, we established colonies of Russian and Kazakhstan strains of Muscidifurax raptor Girault and Sanders, Spalangia endius (Walker), S. cameroni Perkins, and S. nigroaenea Curtis, thus providing an opportunity to evaluate potential differences among strains for performance on different ßy hosts. The objectives of this study were to (1) evaluate potential differences among geographic strains of these species and (2) examine performance of these and two other solitary parasitoids on a range of host species.
Materials and Methods
Parasitoid Colonies. Three colonies of M. raptor were tested; one was originally collected from a poultry farm in Brooksville, FL, in 1994; the other two were from dairy farms near Kraznodar, Russia, and Almaty, Kazakhstan, in 1999 (Table 1) . Three colonies of S. cameroni were tested from dairy farms in Bell, FL, in 1998 and near Almaty and Kraznodar in 1999. Three colonies of S. endius were tested: one from Florida poultry farms in 1998 and the others from dairy farms near Almaty and Krasnodar in 1999. Two colonies of S. nigroaenea were tested from dairy farms near Almaty and Kraznodar in 1999. Single colonies of D. himalayanus and S. gemina were collected from farms in Morocco (1991) and Brazil (1992) , respectively. Colonies were maintained by providing parasitoids with 2-d-old house ßy pupae three times per week at a host:parasitoid ratio of Ϸ10:1 in chambers maintained at 25ЊC, 60 Ð 80% RH under constant darkness.
Fly Colonies. House ßies and stable ßies were from long-established colonies maintained at CMAVE and were reared using standard methods and diets (Hogsette 1992 ). Black dump ßies, H. aenescens, were from a colony established from Florida poultry farms in 1989 and reared using the methods described in Hogsette and Washington (1995) . Two-day-old pupae were separated from rearing media by water ßotation and dried in a forced air blower designed for this purpose (Bailey 1970) .
Horn ßies were from a colony originally established in the 1970s by J.F.B. Adults were reared in cages at 26ЊC, 60 Ð 80% RH, and constant light and given bovine blood daily by placing blood-soaked pads on the tops of the cages. Blood for the colony was collected every 2 wk at a local abattoir in 8.5-liter batches and treated with 30 g of sodium citrate, 1.5 g of kanamycin sulfate, and 250,000 U of nystatin. Eggs were collected daily on water-soaked cotton pads placed 1 cm below the screened cage bottoms. Larvae were reared by placing 1 ml of eggs on a rearing medium composed of 1 liter of steer manure, 1 liter of pelletized peanut hulls soaked overnight in 750 ml water, and 115 g of a prepared mixture of wheat ßour (44%), Þsh meal (33%), alfalfa meal (18%), and baking soda (5%). Larval trays were kept in the same room as the adult ßies, and pupation occurred on day 5 under these rearing conditions. Pupae were separated from media by water ßotation and dried in a forced-air blower 7 d after egg placement.
The ßesh ßy, S. bullata Parker, was originally obtained from Carolina Biological Supply Co. (Burlington, NC). Adult ßies were given water and moist sugar-yeast cakes. The cakes were prepared by mixing three parts sugar and one part yeast hydolyzate (by volume) and holding the mixture in pans at 90% RH for 3 d. Flies were presented with fresh beef liver for larviposition. Larvae were reared on beef liver and pupated Ϸ7 d after larviposition on paper towels or vermiculite placed under larval rearing pans.
Samples of 100 pupae of each species were weighed for each cohort used in the bioassays and averaged as follows: 106 mg (S. bullata), 18 mg (house ßy), 15 mg (stable ßy and H. aenescens), and 5.5 mg (horn ßy).
Bioassay Procedure. Tests were conducted by exposing groups of 100 ßy pupae of a given species to Þve female parasitoids (3Ð5 d old) in 30-cm 3 cups with screen-topped lids for either 24 (M. raptor) or 48 h (all other species). Fly pupae in the tests were Ϸ48 h old except in those with S. bullata. Because of the long duration of the pupal stage in this species (10 Ð12 d under our conditions), pupae of S. bullata were tested when they were 4 d old. For each test date and host species, sets of 100 pupae with no parasitoids were set up and handled in the same manner. After exposure to parasitoids, pupae were removed and held for ßy and parasitoid emergence. Uneclosed pupae and parasitoids were counted and sexed (except for D. himalayanus) after parasitoid emergence ceased. Sex determination was not done with D. himalayanus because of the difÞculty of distinguishing males from females in dried specimens. We also calculated the proportion of killed pupae from which parasitoid progeny emerged. This value, termed "host use" here, would be 1.0 if every killed host produced a parasitoid. Actual values reßect the efÞciency with which the parasitoids use available hosts, host-feeding events without oviposition, host rejection after stinging, and mortality of parasitoid immatures. Three sets of pupae and parasitoids were tested on each of Þve separate occasions, for a total of 15 observations for each host species and parasitoid combination. Host mortality among controls was used for quality control, and tests were rejected and repeated if control mortality exceeded 10%. Data Analysis. Separate one-way analyses of variance (ANOVAs) were performed for each parasitoid colony to evaluate the effect of host species on the number of host pupae killed, the number of parasitoid progeny produced, the proportion of females among progeny, and host use as deÞned in the previous section. In addition, the effects of host species, parasitoid strain, and host ϫ strain interaction were examined by two-way ANOVA for those species in which more than one strain was tested (M. raptor, S. nigroaenea, S. cameroni, and S. endius) . Data representing proportions (sex ratio and host use) were subjected to arcsine transformation before analysis and are presented as percentages in the tables. Data were analyzed using the GLM procedure of the Statistical Analysis System (SAS Institute 1992).
Results
Muscidifruax raptor attacked and produced progeny from all Þve species of hosts (Table 2) , although fewer S. bullata were attacked and fewer progeny produced (16.7Ð23.5) from this host than the other species. Differences in progeny production from the other host species ranged from 30.2 progeny produced (Russian strain with horn ßy) to 69.4 (Florida strain with stable ßy). Differences in sex ratios were small and only signiÞcant for the Kazakhstan strain, where M. raptor produced relatively lower proportions of females on H. aenescens (50.6%) than on house ßy (65%) and S. bullata (68.5%). Host use was signiÞcantly lower with S. bullata hosts (43.6 Ð 46.4% of killed hosts produced progeny) than with the other species, ranging from 68.4 (Russian strain with horn ßy) to 90.9% (Kazakhstan strain with house ßy). Overall strain differences were signiÞcant, with the Florida strain having higher overall rates of host attack and progeny production and lower proportion females than the two Eurasian strains (Table 3) .
The Florida strain of S. cameroni killed similar numbers of host pupae of all Þve species (67.1Ð72.9), although progeny production and host use were lower on S. bullata than other host species (Table 4) . The Russian and Kazakhstan strains had lowest rates of host attack (36.9 and 47.5 killed pupae, respectively) and progeny production (17.7 and 25.8 progeny produced) on S. bullata; differences among the other species were small, although both Eurasian strains had the highest rates of host attack (76.0 and 89.3 killed pupae, respectively) and progeny production (56.3 and 67.7 progeny produced) on H. aenescens. Sex ratio differences were small; however, proportionally fewer females emerged from H. aenescens than the other ßy species in the Russian (17.1% females) and Florida strains (16%). Host use by S. cameroni was lower on S. bullata than the other four species. There were no signiÞcant overall strain differences with respect to progeny production, sex ratios, or host use (Table 3) . Attack rates of S. cameroni were signiÞcantly affected by host and the host ϫ strain interaction. All three strains of S. endius attacked signiÞcantly fewer S. bullata (41.3Ð50.7 pupae killed) and produced fewer progeny on this host (23.4 Ð24.5 parasitoid progeny) than on the other four ßy species, followed by horn ßy (Table 5 ). Rates of host attack and progeny production by the three S. endius strains were similar on house ßy (81.6 Ð 85.1 pupae killed, 57.8 Ð 65.3 progeny produced), stable ßy (73.9 Ð 88.2 pupae killed, 48.2Ð 60.4 progeny produced), and H. aenescens hosts (82.1Ð94.5 pupae killed, 60.9 Ð73.3 progeny produced); the only signiÞcant difference observed among the hosts was with the Russian strain, which attacked and produced progeny from signiÞcantly more house ßy hosts than those of the stable ßy or H. aenescens. Sex ratios were unaffected by host species (overall range, 59.9 Ð71.7% females). Host use was lowest for S. bullata (48 Ð57% successful parasitism) and similar among the other four species of hosts (overall range, 66.3Ð78.8%). Parasitoid strain had a signiÞcant effect on host attacks and progeny production by S. endius, reßecting an overall trend of higher rates of both traits in the Russian and Florida strains of this species (Table 3) . Parasitoid strain had no signiÞcant effect on host use.
Both the Russian and Kazakhstan strains of S. nigroaenea attacked signiÞcantly fewer S. bullata (15.1 and 10.8 pupae killed, respectively) than the other four hosts and produced very few progeny on this species (3.5 and 1.9 progeny produced, respectively; Table 6 ). The highest rates of host attack and progeny production were on house ßy and H. aenescens (61.2Ð 66.4 pupae killed, 26.6 Ð38.9 progeny produced). Sex ratio was unaffected by host species (overall, 41.3Ð 66.3% females). Host use by S. nigroaenea was much lower with S. bullata (17.2 and 8.3% successful parasitism by the Russian and Kazakhstan strains, respectively), than with the other four ßy hosts (overall, 42.4 Ð59.1% successful parasitism). Parasitoid strain had no signiÞcant effect on attack rates, progeny production, or host use (Table 3) ; however, the Kazakhstan strain produced a signiÞcantly higher proportion of females overall (51.9 Ð 66.3%) than the Russian strain (41.3Ð55.9%). 
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a n ϭ 15 sets of Þve females (Þve separate tests of three sets each) with 100 host pupae of each species for a 48-h exposure. Host use is the percent of killed hosts from which adult parasitoids emerged. Means within columns of the same strain followed by the same letter are not signiÞcantly different at P ϭ 0.05 (TukeyÕs HSD). ANOVA df ϭ 4,70.
a P Յ 0.01; b P Յ 0.05; c P Ͼ 0.05. Spalangia gemina attacked signiÞcantly more H. aenescens (79.7 pupae killed), house ßy (77.4) and stable ßy (71.9) than the other two species (51.3 and 42.3 pupae killed for horn ßy and S. bullata, respectively; Table 7 ). Progeny production from S. bullata (23.2 progeny produced) was signiÞcantly lower than from the other host species (40.6 Ð57.3). Host species had no signiÞcant effect on sex ratios of S. gemina; however, host use was highest with horn ßy and house ßy hosts (78.6 and 76.7% successful parasitism, respectively) followed by stable ßy and H. aenescens (65.8 and 64.9%, respectively). Host use was signiÞcantly lower in tests with S. bullata (51.7%) than with the other four host species.
Dirhinus himalayanus attacked and produced progeny from signiÞcantly fewer horn ßies (15.7 hosts killed, 5.9 progeny produced) than in tests with the other host species (Table 7) . Host attacks were highest on H. aenescens and S. bullata (86.6 and 76.3 pupae killed, respectively), followed by stable ßy (60.1) and house ßy (46.3). Progeny production was signiÞcantly higher on H. aenescens (57.1 progeny produced) than on house ßy (29.2), stable ßy (33.0), or S. bullata (36.4). Host use was signiÞcantly lower in tests with horn ßy (30.0% successful parasitism) than in tests with the other four host species (49.9 Ð 65.7).
Discussion
Recent years have witnessed renewed interest in Þlth ßy parasitoids because of the combined effects of insecticide resistance in target ßy populations, loss of 
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a P Յ 0.01; b P Յ 0.05; c P Ͼ 0.05. .56 a n ϭ 15 sets of Þve females (Þve separate tests of three sets each) with 100 host pupae of each species for a 48-h exposure. Host use is the percent of killed hosts from which adult parasitoids emerged. Means within columns of the same strain followed by the same letter are not signiÞcantly different at P ϭ 0.05 (TukeyÕs HSD). ANOVA df ϭ 4,70.
a P Յ 0. (Skovgard and Jespersen 1999 , 2000 , Skovgard and Steenberg 2002 , Hungary (Hogsette et al. 2001) , Israel (Havron and Margalit 1991) , South Korea (Rueda et al. 1997) , Malaysia (Sulaiman et al. 1990 ), India (Srinivasan and Balakrishnan 1989) , China (Guo et al. 1997) (Figg et al. 1983 , Roth 1989 , McKenzie and Richerson 1993 , Mendes and Linhares 1999 , Sereno 2000 , Marchiori et al. 2000 , 2002 .
Little is known about intraspeciÞc variation among parasitoids from different regions, and one of our goals was to examine the relative performance of different geographic strains of common species that were available to us. A second goal was to use standard testing methods to evaluate the effects of host species on attack rate and progeny production of six of the most common parasitoids. In addition to the three pest ßy species above, we included two other ßies for comparison in these tests, Hydrotaea aenescens and Sarcophaga bullata. H. aenescens was included because this ßy occurs sympatrically with house ßy in poultry manure and is sometimes viewed as a beneÞcial insect because of the habit of its larvae to attack those of house ßy (Hogsette and Jacobs 1999) . S. bullata was included because of its large size (Ͼ20 times larger than horn ßy), the common occurrence of blow ßies and ßesh ßies around animal production units, and the fact that this species is known to support development of related pteromalids (Rivers 1996) .
Sarcophaga bullata was a relatively poor host for M. raptor and the four Spalangia spp. tested. Attack rates were generally low on this host, as was progeny production and the proportion of successfully parasitized killed pupae. This was most pronounced in tests with S. nigroaenea, which produced almost no progeny on S. bullata. The reason for low rates of successful parasitism in this host is uncertain, because this species has been used successfully in laboratory tests with Nasonia vitripennis (Walker) and M. zaraptor Kogan and Legner (Ohgushi 1959 , Rivers 1996 , Rivers et al. 1998 . M. zaraptor females spend more time engaged in envenomizing behavior on S. bullata than on house ßy hosts (Rivers 1996) , perhaps reßecting the greater difÞculty of drilling through the thick puparium of S. bullata and delivering a sufÞcient quantity of venom to incapacitate such a large host. In contrast, we observed that the large-bodied D. himalayanus performed as well on S. bullata as on most of the other host species.
Attack rates and progeny production by the parasitoids were generally similar in tests involving the three muscids with similar body sizes (house ßy, stable ßy, and H. aenescens), although progeny production by S. nigroaenea was somewhat lower on stable ßy hosts than the other species. Responses with horn ßy hosts were more variable. D. himalayanus produced very few progeny on horn ßy pupae. This is not surprising given the relative sizes of host and parasitoid in this instance (D. himalayanus adults are about the same size as a horn ßy pupa). S. endius, S. nigroaenea, and S. gemina generally attacked fewer pupae and produced fewer progeny on horn ßy than on other muscid ßy hosts. Results with S. cameroni and M. raptor were mixed and confounded by small strain differences, but overall, these parasitoids attacked and produced prog- .8 a n ϭ 15 sets of Þve females (Þve separate tests of three sets each) with 100 host pupae of each species for a 48-h exposure. Host use is the percent of killed hosts from which adult parasitoids emerged. Means within columns of the same strain followed by the same letter are not signiÞcantly different at P ϭ 0.05 (TukeyÕs HSD). ANOVA df ϭ 4,70.
a P Յ 0.01; b P Յ 0.05; c P Ͼ 0.05.
eny from horn ßy hosts at rates similar to tests with the other muscids. Overall strain differences in this study were low and did not reveal any biotypes with clearly superior properties among those species for which we had both native and exotic strains (M. raptor, S. cameroni, and S. endius) . These species are cosmopolitan (Boucek 1963, Kogan and Legner 1970) , and the low genetic variation among parasitoids caused by haplo-diploidy makes the discovery of superior biotypes a difÞcult process. Further research may lead to the discovery of novel species with unique life history characteristics or that target ßies at points in the life cycle that represent relatively empty niches.
Our results with horn ßy hosts support Þeld survey data suggesting that several of these species may be promising biological control agents for this important pest. These laboratory tests were intended to examine parasitoid performance in standardized single-host testing bioassays to examine hostÐparasitoid interactions under conditions that optimize chances for successful outcomes. Foraging behavior and parasitism under Þeld conditions is a more complex matter requiring parasitoids to make decisions regarding host habitat selection, host preferences within habitats, and the amount of time to spend searching in patches of varying host densities. Our results thus represent a starting point and are not intended to forecast parasitism patterns in the Þeld. For example, although our bioassays indicated that S. nigroaenea was a relatively poor horn ßy parasitoid, ecological factors may work in favor of this species in the Þeld. S. nigroaenea is commonly found in exposed outdoor settings such as feedlots Weinzierl 1997, Rueda et al. 1997) and has been reported to be a dominant parasitoid of horn ßy in the Þeld (Mendes and Linhares 1999 , Sereno 2000 , Marchiori et al. 2000 . Further research would be required to determine which parasitoid species would be appropriate for a release program and whether the operational challenges of deploying parasitoids in open rangeland can be resolved.
